The adsorption of lipoic acid on three different types of resin was compared. Studies of the adsorption thermodynamics and kinetics of lipoic acid onto XAD-4, NDA-100 and ND-90 resins were carried out via static experiments. The results showed that the polar groups and micropore ranges associated with the resins played a significant role in the adsorption of lipoic acid. Such processes were exothermic and involved physical adsorption. The adsorption of lipoic acid onto XAD-4 resin corresponded to the formation of a Langmuir monolayer, with the adsorption velocity appearing to follow first-order kinetics. The adsorption data of lipoic acid onto NDA-100 and ND-90 resins were also well fitted by the Langmuir isotherm, which was associated with capillary condensation and volume filling of micropores besides monolayer adsorption. In contrast, the adsorption of lipoic acid onto NDA-100 and ND-90 resins involved two pore ranges: macropore + mesopore and micropore. The adsorption velocities for the two ranges followed first-order kinetics.
INTRODUCTION
Lipoic acid is one of the B family vitamins and an anti-oxidant. In Europe, it is used for curing diabetic neuropathy or nervous system complications (Karine et al. 1999) . Wastewater derived from the production of lipoic acid not only presents a serious discharge problem because of its high strength and difficult biodegradability, but it also contains lipoic acid whose reclamation is highly valuable. Increasing concern for public health and environmental quality has led to the establishment of rigid limits on the acceptable environmental levels of specific pollutants.
In a review of treatment and resource re-use technology for the wastewater derived from the production of organic compounds, it was found that concentration, extraction and adsorption processes were considered as potential treatment techniques (Tchobanoglous and Angelakis 1996) . The first two methods are not widely used for economic or technological reasons. However, the use of adsorption as a treatment and resource re-use technology has been reported in many fields (Suzuki 1997) . Activated carbon, cellulose, clay, silica gel, etc. have been used as adsorbents, but have been replaced in recent years by polymeric adsorbents because of their weak mechanical properties and difficulty regeneration (Li et al. 2002) . Among such adsorbents, CHA-111 and MCH-111 have been reported as being ideal for the removal of phenols and other compounds from aqueous solution (Xu et al. 1997 (Xu et al. , 1999 Pan et al. 2003) .
Amberlite XAD-4 polymeric resin (a macroporous styrene-divinylbenzene copolymer) is one of the polystyrene-based adsorbents with a high surface area (Kunin 1976) . However, the extreme hydrophobic chemical structure of these polystyrene-based adsorbents leads to poor contact between their surfaces and aqueous solutions (Dumont and Fritz 1995; Masque et al. 1998) . To broaden their application in chemical wastewater treatment, activation in the presence of certain solvents (e.g. methanol, acetone or acetonitrile) as a pre-treatment process has been used to enhance their surface contact with aqueous solutions (He and Hunag 1992) .
To improve the performance of polymeric adsorbents, Davankov and Tsyurupa (1990) developed the 'hypercrosslinking technique', i.e. post-crosslinking of low-crosslinked macroporous polystyrene in solution or in a highly swollen state via a Friedel-Crafts reaction, using large amounts of bifunctional crosslinking reagents. This has led to a new class of copolymers possessing an exceptional 'hypercrosslinked' structure that exhibits a much higher adsorption capacity than conventional gel-type and macro-reticular copolymers (Davankov and Tsyurupa 1989; Tsyurupa et al. 1995; Streat and Sweetland 1998; Azanova and Hradil 1999; Podlesnyuk et al. 1999; Tai et al. 1999; Veverka and Jerabek 1999) .
In the present work, we prepared two water-compatible hypercrosslinked polymeric adsorbents (NDA-100, ND-90) in order to study the adsorption of lipoic acid. The two adsorbents differed in structure from XAD-4 resin. Thus, their surfaces contained several different polar groups such as carbonyl, hydroxyl and chloromethyl. In addition, NDA-100 and ND-90 contained C=O double bonds which could have resulted from oxidation of the chloromethyl group and the pendant double bonds of the St-DVB copolymer structure during post-crosslinking at high temperature (Li et al. 2001; Xu et al. 1996) while ND-90 also contained a tertiary amino group. In contrast to the situation with Amberlite XAD-4, NDA-100 and ND-90 resins exhibited predominant micropore structures as well as differences in polarity.
When adsorption occurs in aqueous solution, the adsorbate molecule is transferred from the bulk solution to the adsorbent phase. Such adsorption has been attributed to the net attractive forces involving the solute, solvent and the adsorbent. Current understanding indicates that van der Waals forces are normally dominant for the adsorption of gases or vapours onto a hydrophobic adsorbent. In addition, it is possible that in many cases van der Waals forces may also be significant in the adsorption of organic compounds from aqueous solution onto polymeric adsorbents exhibiting hydrophobic interactions. However, hydrogen-bonding interactions should also be taken into account as they may also play a dominant role in the adsorption process (Xu et al. 1996; Crittenden et al. 1998; Kazuhiko et al. 1999; Anasthas and Gaikar 2001) . In the present study, the adsorption of lipoic acid onto three types of resin was compared, with greater attention being paid to the adsorption thermodynamics and kinetics of the process from aqueous solutions containing ethanol in order to allow the mechanism of the adsorption of lipoic acid onto the resins to be examined. Experiments were also conducted to clarify the effect of ethanol on the adsorption of lipoic acid.
EXPERIMENTAL

Materials and methods
Lipoic acid was provided by the Changshu Wanxing Chemical Co., Ltd., Jiangsu Province, P. R. China. XAD-4 resin was purchased from Rohm & Haas (Philadelphia, PA, USA) while NDA-100 resin and ND-90 resin were obtained from the Langfang Electrical Resin Co. Ltd., Hebei Province, P. R. China. Table 1 presents the characteristic properties of the three types of resin employed. Lipoic acid was dissolved in deionized water containing ethanol in the batch adsorption runs. Its physical properties are listed in Table 2. XAD-4, NDA-100 and ND-90 were extracted in a Soxhlet apparatus for 8 h with ethanol and then dried under vacuum at 325 K for 3 h before use. The specific surface areas and the pore diameter distributions of the resins were measured with an ASAP-2010C instrument (Micromeritics Instrument Corporation, Norcross, GA, USA) using nitrogen as the adsorbate and following the BET method. Elemental analyses of the chemically modified polymeric adsorbents were obtained via a Perkin-Elmer 240 C elemental analytical instrument (Perkin-Elmer, USA). The oxygen content was not measured directly but calculated from the relationship:
(1)
The effect of ethanol content on the adsorption process A known amount (0.1 g) of each adsorbent was placed in a flask together with 100 ml of a solution in which the ethanol content ranged from 0.5% to 10%, the initial concentration of lipoic acid being maintained at 200 mg/l in all cases. The flasks were well mixed and shaken at 200 rpm on 
Equilibrium adsorption isotherms
Equilibrium adsorptions of lipoic acid were performed at three different temperatures, viz. 288 K, 303 K and 318 K. Briefly, 0.100 g resin was introduced directly into a 250-ml conical flask, with Amberlite XAD-4 resin being first 'wetted' with 0.5 ml methanol and then rinsed three times with deionized water before use. Then, 100 ml of an aqueous ethanol solution of lipoic acid (5% ethanol content) was added to each flask. The initial concentrations (C 0 ) of the lipoic acid solutions ranged from 200 to 1000 mg/l. The flasks were tightly sealed and placed on a rotary shaker (G 25 model, New Brunswick Scientific) at a pre-set temperature and shaken at 200 rpm. Batch equilibrium test runs were continued for a period of 24 h to ensure that adsorption equilibrium had been reached, and the concentration of lipoic acid (C e ) then determined. Thus, the adsorption capacity q e (mg/g) was calculated from the relationship:
( 2) where V 1 was the volume of solution (l) and W was the weight of dry resin (g), The concentrations of lipoic acid were measured at a wavelength of 215 nm using a HPLC assembly consisting of a Waters 600 controller, a Waters 600 pump and a Waters Dual k Absorbance Detector (Waters Associates, Milford, MA, USA).
Adsorption kinetics
A known quantity (0.1 g) of each adsorbent was placed in a flask together with 100 ml of an aqueous ethanol solution of lipoic acid (5% ethanol content), the initial concentration of lipoic acid being 1000 mg/l. The flask was well mixed and placed on a rotary shaker (G 25 model, New Brunswick Scientific) at a pre-set temperature and shaken at 200 rpm. Samples were taken at different intervals of time. Studies were undertaken at 288 K and 303 K, respectively.
RESULTS AND DISCUSSION
The effect of ethanol content on the adsorption process
The effect of ethanol content on the adsorption is shown by the results depicted in Figure 1 . From the figure, it will be seen that when the content of ethanol was less than 5%, the adsorption capacities of the three types of resin towards lipoic acid remained virtually unchanged. However, when the ethanol quantity was greater than 5%, the adsorption capacities towards lipoic acid decreased virtually in proportion to the increase in ethanol quantity. Despite ethanol being a desorption agent, when the ethanol content in the system was small, the adsorbability of the various resins towards lipoic acid was greater than the influence of ethanol on lipoic acid desorption. As a result, the adsorption capacities of lipoic acid onto the three types of resin remained basically unchanged. Increasing the content of ethanol led to an increase in the desorption force on lipoic acid with a consequent effect on the adsorption of lipoic acid onto
/ a given resin. This led to a resultant decrease in the adsorption capacities with increasing ethanol content.
Equilibrium adsorption isotherms
Figures 2(a)-(c) show the equilibrium adsorption isotherms for lipoic acid onto XAD-4, NDA-100 and ND-90 resins, respectively, at three different temperatures, viz. 288 K, 303 K and 318 K. All the data were analyzed using the Langmuir and Freundlich equations:
where K L , q m , K F and n are characteristic constants. The regression equations together with the constants and the correlation coefficient R are listed in Table 3 (Slejko 1985) , indicate that of the resins studied the adsorption capacity of ND-90 towards lipoic acid was the greatest, followed by that of NDA-100 and then XAD-4 under the same conditions. The exponent R L [R L = 1/(1 + K L C 0 )] was greater than zero but less than unity in all cases, indicating favourable adsorption (Magady and Daifullah 1988) . It is well known that the adsorption capacity of an adsorbent from aqueous solution is dominated by many factors (Cooney 1999 ) with adsorbate-adsorbent interactions playing an important role as well as adsorbate-water and adsorbent-water interactions. If it is assumed that the effect of adsorbent-water interactions is the same for all adsorbents, then the effective interaction causing different adsorption behaviours for different adsorbates would mainly include: (1) hydrophobic interactions, (2) van der Waals forces and (3) hydrogen-bonding interactions (Crittenden et al. 1998; .
Figures 2(a)-(c) also show that the adsorption capacities of lipoic acid onto the three types of resin decreased appreciably with increasing temperature. Because the solubility of lipoic acid in ethanolwater systems increases with increasing temperature, the affinity between lipoic acid and the resin surface must have diminished. In addition, as discussed below, the adsorption process on all three resins was exothermic and hence an increase in temperature was unfavourable towards adsorption.
The adsorption capacity can be affected by several factors, including specific surface area, adsorbent polarity and pore structure. The specific surface area of XAD-4 (880 m 2 /g) was very close to those of NDA-100 (934 m 2 /g) and ND-90 (819 m 2 /g) ( Table 2 ), indicating that the significant difference in adsorption capacity observed was not related to the specific surface area. The surfaces of NDA-100 and ND-90 resins contain several different polar groups such as carbonyl, hydroxyl and chloromethyl residues. The polarity match between NDA-100 and ND-90 resins and the lipoic acid adsorbate may account partially for the increase in the adsorption capacity. In addition, the surface of ND-90 resin contains amino groups available for lipoic acid adsorption, where hydrogen-bonding interaction may occur according to the following schematic representation (Anasthas and Galkar 2001; Lyman 1982): Besides the difference in the polarity, the microporous structure and the pore distribution of the adsorbent also affect the adsorption capacity. In contrast to Amberlite XAD-4, the resins NDA-100 and ND-90 are predominantly microporous (Table 2 ) which favours solute-solute interaction for lipoic acid according to the capillary condensation and volume filling of micropores theory . This is in agreement with an earlier report (Veverka and Jerabek 1999) . In addition, the macro-and meso-pores in the NDA-100 and ND-90 resins may facilitate adsorbate diffusion processes inside the polymer particles.
Lipoic acid is adsorbed by XAD-4 resin via van der Waals forces with the specific surface area being the determining factor. As a result, the adsorption of lipoic acid onto XAD-4 resin is of the Langmuir monolayer type. In contrast, and as stated above, NDA-100 and ND-90 resins are predominantly microporous, which is important for high adsorption levels. The adsorption data for lipoic acid onto NDA-100 and ND-90 resins were also well fitted by the Langmuir isotherm, which is attributable to capillary condensation and micropore volume filling in addition to monolayer adsorption (Zhang 1989) 
Isosteric enthalpies for lipoic acid adsorption
The value of the characteristic constant K L in the Langmuir equation is influenced by temperature so that the adsorptive enthalpy may be expressed by the equation (Garcia-Delgado et al. 1992) : (5) where ∆H is the isosteric enthalpy of adsorption, R is the gas constant [8.314 kJ/(mol K)], T is the absolute temperature (K) and K 0 is a constant. The value of ∆H was calculated from the slope of the line obtained by plotting ln K L versus 1/T as shown in Figure 3 .
The adsorptive free energy was calculated via the Gibbs equation:
where K is the equilibrium adsorption coefficient which is equal to the characteristic constant K L in the Langmuir equation. The adsorptive entropy was calculated by means of the Gibbs-Helmholtz equation (Garcia-Delgado et al. 1992; Bell and Tsezos 1987 ):
The values calculated for the isosteric adsorption enthalpies of lipoic acid on Amberlite XAD-4, NDA-100 and ND-90 resins are summarized in Table 4 . Values of the enthalpy change (always
Adsorption Thermodynamics/Kinetics of Lipoic Acid onto Three Types of Resin negative) are indicative of an exothermic process, and their magnitudes (< 43 kJ/mol) show that the adsorption of lipoic acid onto Amberlite XAD-4, NDA-100 and ND-90 resins was a physical process in each case. The adsorptive free energy change demonstrates the favourable character of the adsorption process. Values of the free energy changes (always negative) indicate that the adsorbate exhibited a propensity to be adsorbed from solution onto the adsorbent surface. The free energy change was hardly influenced by temperature, thereby indicating the compensation effect of the entropic contribution. The adsorption processes of lipoic acid from aqueous ethanol solution onto all three resins were entropy-driven as demonstrated by the positive entropy values. Because an aqueous ethanol solution readily wetted the resins, it was first necessary for the lipoic acid to replace the ethanol on the surface before it could be adsorbed onto the resin. This process has been referred to as 'solvent replacement' (Gokmen and Serpen 2002; Chen and Gen 1993) . Since the lipoic acid molecule possesses a greater molar volume than ethanol, the number of ethanol molecules displaced was larger than that of the lipoic acid molecules adsorbed. Hence, the solvent replacement process led to an increase in entropy. 
Adsorption kinetics
where K 1 and K 2 are velocity constants. The apparent activation energy was calculated via the Arrhenius equation: (10) where K is the velocity constant (1/min), K 0 is a parameter related to temperature (1/min), E is the apparent activation energy, R is the gas constant [8.314 kJ/(mol K)] and T is the absolute temperature (K). The corresponding regression equations along with the constants and the correlation coefficients R are listed in Table 5 . Figures 4(a) - (c) show that plots of the rate of adsorption of lipoic acid onto XAD-4 resin exhibited only one plateau whereas those for NDA-100 and ND-90 resins possessed two plateaux. This was attributed to the different pore structures and pore distributions of the latter adsorbents. The diffusion resistance towards adsorbate in micropores is larger than that in macro-and meso-pores. Because XAD-4 resin contained virtually no micropores (Table 2) , the corresponding plots of the lipoic acid adsorption rate onto this resin exhibited only one plateau. In contrast to Amberlite XAD-4, NDA-100 and ND-90 resins possessed predominant porosities in the micropore range (Table 2) onto NDA-100 and ND-90 resins corresponded mainly to adsorption in the macropore + mesopore range and in the micropore range, respectively. Table 5 lists the adsorption kinetics of lipoic acid onto the three types of resin studied, the experimental data being well fitted by first-order kinetics since all the correlation factors (R 2 ) were larger than 0.98. Increasing temperature caused the adsorption velocity constants K 1 to increase and the adsorption equilibrium time to decrease [Figures 4(a)-(c) ], indicating that the adsorption velocity of lipoic acid increased with increasing temperature. The apparent activation energy required for the adsorption of lipoic acid onto XAD-4 resin was less than those for adsorption onto NDA-100 and ND-90 resins. This may be attributed to the adsorption of lipoic acid by XAD-4 being a pure physical process. In contrast, the hydrogen-bonding interaction involved in lipoic acid adsorption onto NDA-100 and ND-90 resins caused these processes to tend towards chemisorption so that a greater apparent activation energy was required.
CONCLUSIONS
The adsorption of lipoic acid onto three different types resin was compared. Studies of the adsorption thermodynamics and kinetics of lipoic acid by XAD-4, NDA-100 and ND-90 resins were undertaken via static experiments. The results obtained demonstrated that the polar groups and the microporosity of the resin played a significant role in the adsorption of lipoic acid.
Negative values of the adsorptive enthalpy changes indicated that the process was exothermic, the magnitudes of these enthalpy changes (< 43 kJ/mol) demonstrating that the adsorption of lipoic acid onto Amberlite XAD-4, NDA-100 and ND-90 resins occurred by physical processes.
The adsorption of lipoic acid onto XAD-4 resin corresponded to the formation of a Langmuirian monolayer, with the adsorption velocity appearing to conform to first-order kinetics. The adsorption data for lipoic acid onto NDA-100 and ND-90 resins were also well fitted by the Langmuir isotherm, which was attributed to capillary condensation and volume filling of micropores in addition to monolayer adsorption. The adsorption of lipoic acid onto NDA-100 and ND-90 resins passed through two phases: the macropore + mesopore range and the micropore range. The adsorption velocities in both ranges corresponded to first-order kinetics.
